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ElectricityBiomasses and bio-waste have an important role in decarbonizing the European energymix, the latter contributing
to the transition towards a circular economy. In particular, Refuse Derived Fuel (RFD) - a biofuel obtained from dry
residue of waste – appears a really interesting energy option. In this framework this study aims at assessing the en-
vironmental profile of electricity generation fromRDF in Italy, comparing two different kinds of RDF production and
combustion plants. The functional unit is 1 kWh of net electricity from RDF delivered to the grid. Two Italian plants
are examined: one located in Ravenna (RDF is produced in a direct flow treatment plant) and the other one in Ber-
gamo (RDF is produced in a unique flow treatment plant and electricity is generated in a cogenerator).
Results show that, comparing the plants, it is not possible to identify an option for RDF production or electricity
generation characterized by lowest impacts for all the examined impact categories. However, cogeneration pro-
cess and the avoided burdens due to the valorisation of ferrous metals and dry fractions during RDF production
can reducemost of the environmental impacts. A dominance analysis reveals that chimney direct emissions gen-
erated during RDF combustion significantly contribute to some impact categories, aswell as electricity consump-
tion during RDF production. Furthermore, disposal of incineration wastes is a relevant contributor to human
toxicity and freshwater eutrophication.
The eco-profile of electricity fromRDF is comparedwith electricity from the Italian grid and frommulti-Si PV. The
comparison highlights that electricity from RDF performs worse for relevant environmental impact categories
such as climate change, human toxicity and photochemical oxidant formation. On the other hand, electricity
from RDF performs better than electricity from the grid and from photovoltaic for resource depletion, an impact
category of growing importance in the framework of circular economy.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).di).
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The European Union has set the ambitious goal to move towards a
reduction of 80–95% of greenhouse gas (GHG) emissions by 2050 com-
pared to 1990 levels. The challenges behind this goal significantly in-
volve the entire European energy system. Facing this challenge
requires a radical and comprehensive change, the so-called energy tran-
sition, which involves a dramatic increase of renewable energy sources,
as confirmed by all the decarbonization scenarios developed by the
European Union for the 2050 European energymix (European Commis-
sion, 2011). In this framework a growing role will be played by bio-
masses. According to the European Energy Roadmap the share of
electricity produced from biomasses and waste in 2050 will range be-
tween 7.3 and 10.8%, which means that biomasses and waste will be
the second or the third renewable primary energy source contributing
to the European energymix in 2050 (European Commission, 2011). Fo-
cusing in particular on waste-to-energy pathways, it should be
underlined that they can play an important role also in the transition to-
wards a circular economy, provided that it happens in accordance with
the European waste hierarchy (Prevention-Reuse-Recycling-
Recovering-Disposal) and with a high rate of energy recovery
(European Commission, 2017). The framework briefly outlined shows
that promoting the use of biomass and waste for energy can actively
contribute to an energy system increasingly independent from fossil
sources and, broadening the view to a circular economy contest, in-
creasingly “sustainable”. In this contest, Refuse Derived Fuel (RFD) - a
biofuel obtained from the dry residue of waste that can be used as
input for energy production – appears as a really interesting energy op-
tion, as far as it is generally characterized by a high quality than original
waste. However, the potential environmental advantages of using RDF
as fuel have to be examined in a life cycle perspective, taking into ac-
count the direct emissions due to its combustion and the impacts due
to the fuel production and to the supply of all the process inputs. Only
with this life cycle perspective, it is possible to assess if and how far
waste-to-energy processes are to be considered sustainable and can
contribute to increase the national energy mix sustainability. Taking
into consideration the input and output flows of the systems which re-
alize the energy conversion of waste and the number of variables in-
volved, the Life Cycle Assessment (LCA) has been identified as the
most appropriate approach to achieve a holistic and systematic assess-
ment of the positive and negative environmental effects of these pro-
cesses within different environmental sectors and during different
stages of the supply chain.
The research activities here described aim at estimating, in a life
cycle perspective, the energy and environmental impacts associated
with the production of electricity from RDF in Italy, with particular ref-
erence to the supply chain which leads to RDF starting from Municipal
SolidWaste (MSW), going through its Mechanical Biological Treatment
(MBT). To this end, a detailed analysis of the RDF production and use
processes, based on primary data, has been carried out. Primary data
came from annual environmental declaration of industrial site regis-
tered to the European Eco Management and Audit Scheme (EMAS), an
exceptional source of primary data for LCA studies that have been little
exploited by the LCA community.
2. State of the art
The topic of LCA applied to wastes is discussed by many authors. In
detail, authors analysed and compared different ways of managing
wastes (landfill, MBT, recycling, incineration). In that cases, being the
function of the examined systems the “treatment of wastes”, the se-
lected functional unit is generally the amount of waste treated
(Rigamonti et al., 2013), even if some studies identified as functional
unit the amount of energy generated (Astrup et al., 2015). Furthermore,
for most of the studies the problem of multi-functionalities is solved
with the system expansion.The object of the LCA studies is generally MSW and a global MSW
management strategy includes recycling, composting, RDF or waste in-
cineration and landfill. By increasing the percentage of recycled fraction
it is possible to improve the environmental footprint of the waste man-
agement for many impact categories (Beccali et al., 2001). Also the effi-
ciency ofwaste selection plays an important role in the impacts ofwaste
management processes. For example, Rigamonti et al. (2009) pointed
out that reducing the selection efficiency of 15% implies a worsening
of the impact on global warming of 26%. Some exceptions can occur:
De Feo andMalvano (2009) pointed out that a scenariowith the highest
percentage of separate collection corresponds to the highest impact for
“non-hazardous waste” and “mineral and quarried matters” impact
categories.
Amongwastemanagement strategies, production inMBTplants and
its use for energy generation (waste- to-energy) shows some advan-
tages, as the reduction ofwaste in landfill and the related environmental
impacts, the recovery of metals, the reduction of fossil fuels (e.g. coal),
the co-production of compost. For example, rejected streams of me-
chanical treatment and composting coming from MSW are usually
landfilled in developing countries, but they can be converted in RDF to
be used as energy source. This allows for reducing the environmental
pollution and energy consumption in these countries (Shumal et al.,
2020).
Abeliotis et al. (2012) found thatMBTplant is preferable to landfill: if
all the avoided impacts due to MBT output (compost, RDF, ferrous and
non-ferrous metals) are taken into account, negative impact values are
obtained for all the examined impact categories, with the only excep-
tion of abiotic depletion. In detail, ferrous metals recovery mainly con-
tributes to the reduction of photochemical oxidation potential,
aluminium recovery to the reduction of human toxicity, the use of com-
post as P fertilizer to the reduction of eutrophication potential. Further-
more, waste treatment in MBT plants as alternative to landfill reduces
the impact on global warming of about 15%, and the impact on human
toxicity and photochemical oxidation of one order of magnitude.
It is important to highlight that appropriate design andmanagement
of the MBT plants can lead to reduction of environmental impacts, as
well as the use of innovative MBT plants able to operate with higher ef-
ficiency and to recover valuable fractions from wastes (Arena et al.,
2015; Ripa et al., 2017). Furthermore, incineration of waste and RDF
without energy recovery orwith lowenergy recovery, or its use in coun-
tries with low-carbon electricity systems cannot be significantly benefi-
cial than sanitary landfill (Liikanen et al., 2018; Lima et al., 2018). For
example, electricity production from RDF generates more GHGs than
the average electricity production in Brazil, as about 75% of electricity
in this country comes from hydropower (Liikanen et al., 2018).
In addition, comparing RDF combustion with direct waste incinera-
tion, Yi and Jang (2018) calculated better or worse performance for
the last option depending on the drying method used for producing
RDF. In detail, RDF produced without a drying method using fossil
fuels can be preferred over incineration. Conversely, incineration should
be preferred if there is no low distance demand for heat or power en-
ergy produced.
Among waste-to-energy strategies, RDF can be used as an alterna-
tive fuel in cement industry, avoiding fossil fuels consumption. The
use of RDF in substitution to a conventional fuel (e.g. coal or petroleum
coke) in cement industry reduces the impact on cumulative energy de-
mand, GHG emissions and other environmental impacts (Lima et al.,
2018), even if not all the pollutant emissions decrease. Also Reza et al.
(2013) found that RDF production and use is less energy resource de-
manding (4.7 GJ/ton clinker) than hard coal and allows for reducing
the CO2eq emissions of 863–888 kg per ton of clinker production de-
pending on the waste composition. Furthermore, a reduction of NOx
emissions causes a decrease of the impact on acidification and eutrophi-
cation. However, RDF combustion in cement kilns, if compared with
coal, increases the emissions of SO2, NH3, HCl and HF. Also the co-
combustion in a coal power plant is preferable when compared to
3S. Longo et al. / Science of the Total Environment 738 (2020) 139719waste combustionwithout any pre-treatment or to RDF combustion in a
dedicatedplant. This outcome is not valid if the directwaste combustion
produces heat and electricity in plants with high conversion efficiency
(Rigamonti et al., 2012).
If RDF is used as fuel or auxiliary fuel in an incinerator or as input in a
gasification and generation system (Kabalina et al., 2017), most of the
impacts caused by its production are offset by the power generation
during its combustion and this practice is preferable to landfill. Chen
et al. (2007) and Panepinto et al. (2015) found better values of different
impacts for incineration, while Evangelisti et al. (2015) showed that
gasification and plasma processes have better environmental perfor-
mance than conventional waste treatment technologies. Aracil et al.
(2018) pointed out that gasification yields lower GHG emissions than
incineration and both the treatments contribute to GHGs reduction if
compared with landfill (GHGs in landfill are released through biogas
combustion and biogas leaking from the landfill site). Also the outcomes
derived from a study made by Cherubini et al. (2009) suggested RDF
combined with biogas production as the best option for wastes if com-
pared with landfill (without or with biogas combustion) and incinera-
tion, even if authors pointed out the non-negligible problems of local
emissions. Conversely, Consonni et al. (2005) found that a direct com-
bustion of waste has environmental advantages if compared with pre-
treated waste or RDF: the high heating value of RDF does not counter-
balance the electricity consumed during the waste treatments.
Waste composition and typology and technical features of the plants
(recovery efficiency, type of biological treatment, etc.) can play an im-
portant role on the final life cycle performances of RDF and on direct
emissions of waste-to-energy facilities (Astrup et al., 2015). For exam-
ple,Montejo et al. (2013) founda strong correlation among the environ-
mental performances and the efficiency of energy and materials
recovery processes. A comparison of the life cycle impacts of different
RDF typologies (fluff, dry fluff, and pellet) in distributed or centralized
incineration systems in the Italian region of Tuscany (Corti and
Lombardi, 2001) showed that none of the examined scenarios performs
better for all the examined impact categories. However, authors pointed
out the importance of transports on the impacts: most indicators in-
crease with the distance. The role of transport is also outlined by
Grzesik and Malinowski (2016): the collection and transportation of
input waste, identified as the most fuel and energy-consuming process,
caused 51% of total impacts during the RDF production in aMBT plant in
Poland.
The analysis of the above studies reveals that different authors ad-
dressed the topic of waste management, also including information on
the RDF environmental aspects. However, few of them proposed a de-
tailed analysis of the RDF production and use processes, based on pri-
mary data and presenting results by applying a dominance analysis. In
this context, to enrich the existing literature, the proposed paper focus
on existing MBT and incinerator plants, it is based on detailed and reli-
able primary data and it presents an in-depth analysis of the materials
and processes that mainly contribute to the total impacts, allowing to
propose some qualitative actions for improving the environmental per-
formance of the examined systems.
3. Application of the Life Cycle Assessment methodology
3.1. Goal and scope definition
The study aims at assessing the environmental impacts caused by
the electricity generation from RDF in Italy and comparing the impacts
with those of electricity from the Italian grid and from multi-Si PV.
The LCA methodology is applied to a supply chain that starts from
the waste management in a MBT plant to obtain RDF and ends with
the generation of electricity from the RDF combustion. The study is de-
veloped according to the international standards UNI EN ISO 14040 and
UNI EN ISO 14044 (ISO 14040, 2006a; ISO 14044, 2006b). In detail, the
analysis is carried out by following two consecutive steps:• Assessment of the environmental impacts due to the RDF production
by applying two different MBT processes (described in the next sec-
tion): Different Flows (DF) treatment (Scenario 1) and Unique Flow
(UF) treatment (Scenario 2).
• Assessment of the environmental impacts due to the electricity gener-
ation from RDF obtained with the two MBT processes cited above.
Two Italian plants are selected for the analysis: one located in Ra-
venna (Scenario 1) and the other one in Bergamo (Scenario 2).
3.1.1. Refuse derived fuel
RDF is a fuel obtained fromnon-dangerous urban and specialwastes.
It is obtained by two processes occurring in a MBT plant (ENEA, 2007;
Rigamonti et al., 2012):
• Mechanical process: wastes are subjected to a shredding for the vol-
ume reduction and to a screening for separating the different frac-
tions. An aeraulic-pneumatic separation is applied for reducing the
chlorine content in PVC products (if any). Then, a metal removal al-
lows for reducing the risk of damage to the system, recovering pre-
cious materials and improving the quality of the final product.
• Biological process: wastes undergo a stabilization of the organic frac-
tion, a sanitization through pasteurization and a volume reduction.
The MBT plants can be divided into:
• Different Flows (DF) treatment plants: a mechanical pre-treatment of
waste allows for obtaining an organic fraction for biological treatment
and a dry fraction to be used as energy source or to be sent to landfill;
• Unique Flow (UF) treatment plants: all the waste entering the plant
undergoes a biological treatment, while mechanical treatment is lim-
ited to a simple crushing of waste without preliminary separation of
the dry and wet fraction.
The obtained RDF can be used as energy source for the generation of
electrical and/or thermal energy in specific plants (waste-to-energy
plants, thermoelectric plants, district heating plants) or in industrial
sites where RDF is co-burned with traditional fuels (thermoelectric
plants, cement plants, lime production plants, steel plants).
3.1.2. Functional unit and system boundaries
The function of the examined system (from waste-to-energy) is the
generation of electricity sent to the grid. Thus, according to reference
documents on LCA for electricity generation (EPD International AB,
2020), the selected functional unit is 1 kWh of net electricity from RDF
delivered to the grid. The reference flow is the amount of RDF (in kg)
for the generation of the functional unit, which is about 2.12 kg of RDF
for the first scenario and about 1.28 kg of RDF for the second one. The
difference of the above values comes from an energy yield of the plant
in Scenario 1 lower (0.47 MWh of net energy per ton of RDF) than
that of the plant in Scenario 2 (0.78 MWh of net energy per ton of RDF).
The system boundaries are selected according to the “zero burden”
assumption, namely hypothesizing that waste in input to the RDF pro-
duction plant has no environmental burdens (Rigamonti et al., 2012).
In detail, the system boundaries include:
• The production ofmaterials, fuels and electricity used for the RDF pro-
duction and combustion;
• The RDF production process;
• The generation of electricity from RDF;
• The end-of-life of process wastes.
Considering that capital goods involved in the generation of the
functional unit have a long useful life, the impacts due to their produc-
tion are considered as negligible compared to the impacts generated
Table 1
Environmental impact categories.
Impact category Unit of measure Acronym
Climate change kg CO2eq CC
Ozone Depletion Potential kg CFC-11eq ODP
Human toxicity, cancer effects CTUh HTC
Human toxicity, non- cancer effects CTUh HTNC
Photochemical ozone formation kg NMVOCeq POF
Acidification molc H+eq AC
Terrestrial eutrophication molc Neq TE
Freshwater eutrophication kg Peq FE
Marine eutrophication kg Neq ME
Particulate matter kg PM2.5eq PM
Resource depletion, mineral, fossil and renewable kg Sbeq RD
Table 2
Output flows (non-hazardous) from the RDF-DF plant.
Quantity (ton) Treatment
RDF 44,084 Energy recovery
Process losses in the biostabilization process 2,914 –
Wet fraction 36,234 Composting
Dry fraction 58,624 Disposal
Dry fraction 524 Energy recovery
Biostabilized 19,031 Material recovery
Ferrous metal 1,358 Material recovery
Other wastes 70 Disposal
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plants production is not included in the analysis.
The transport of natural gas, electricity, thermal energy (avoided im-
pact) and coal (avoided impact) are modelled according to secondary
data (Wernet et al., 2016).
The emissions of some pollutant are neglected, as only the concen-
tration is known and it is not possible to calculate the respective quan-
tities to be included in the analysis.
The impact of activated carbon, used during the biostabilization pro-
cess for the abatement of odorous substances in one of the examined
plants, is neglected due to lack of data on the quantity used.
Finally, the impacts due to the production of some components used
in the electricity generation process are neglected, whose function is
known (e.g. additives) but not the specific materials.
The analysis is referred to the year 2015.
3.1.3. Allocation rules
The RDFproduction and its combustion for electricity generation can
bemulti-output processes. In particular, the RDFproduction process can
generate different RDF typologies (RDF with different qualitative char-
acteristics) and sub-products that are potential substitutes of primary
materials. Furthermore, the RDF combustion process can generate elec-
tricity and heat (co-product); this last co-product can be used to replace
heat generated by other energy sources.
The selection of the most suitable procedure for dealing with the
multifunctionality problem requires an in-depth analysis of the product
system and the related co-products. Furthermore, according to the indi-
cations of ISO 14044 (ISO 14044, 2006b), when possible allocation
should be avoided and division of the process in sub-processes or ex-
pansion of the product system (avoided impact method) should be ap-
plied. If allocation cannot be avoided or it is considered the most
appropriate approach, physical or economic relationships can be used
for the partitioning of inputs and outputs.
To solve the multifunctionalities of this case study, in themost cases
authors applied the avoided impact method. In detail, the avoided im-
pacts due to primary materials potentially replaceable with sub-
products were subtracted to the impacts caused by the RDF production
process. Similarly, the impacts generated by electricity from RDF are re-
duced considering the avoided heat generation from non-renewable
sources. Physical or economic allocation is not taken into account due
to the different characteristics of the co-products (different masses,
function, quality, energy content) or to difficulties in defining data for
calculating the allocation factors (e.g. difficulty to find reliable and
fixed economic values for co-products).
Focusing on the co-production of different RDF typologies, amass al-
location is applied, as in this case it is considered the most appropriate
choice.When the co-product can be considered “burden free” or reliable
information for the input/output process modelling is not available, a
cut-off is applied.
3.1.4. Environmental impacts categories and impact assessment methods
The environmental impact categories selected to describe the per-
formance of the functional unit are listed in Table 1. These categories
refer to global and local mid-point impacts and cover different environ-
mental aspects that can be influenced by the eco-profile of the exam-
ined product system (resource consumption, human toxicity, climate
change, eutrophication, etc.).
The following impact assessment methods are used:
• IPCC 2013 GWP 100a, for the calculation of the impact on climate
change (IPCC, 2013). This method is developed by the International
Panel on Climate Change and includes climate change characteriza-
tion factors for the direct global warming potential of emissions to
air, with a timeframe of 100 years. The method excludes indirect ef-
fects, e.g. the indirect dinitrogenmonoxide that is formed from nitro-
gen emissions, the carbon dioxide formation from carbon monoxideemissions; it also excludes the radiative forcing due to emissions
NOx, water, sulphate, etc. in the lower stratosphere and upper tropo-
sphere;
• ILCD 2011 Midpoint+, for the other impact categories (European
Commission and Joint Research Centre, 2012). The method, also de-
fined as ILCD recommendations for LCIA in the European context, is
proposed by the European Commission and includes a wide range of
environmental indexes. It is based on the analysis of the existing
methodologies for the LCA impact assessment and aims at identifying
and promoting recommended existing methods (e.g. the recom-
mended method for calculating human toxicity is the USEtox model
(Rosenbaum et al., 2008)). Further details can be found in the ILCD
Handbook of the European Commission (European Commission -
Joint Research Centre, 2011).
3.2. Inventory analysis
The inventory analysis allows for calculating the eco-profile of 1 kg
of RDF and 1 kWh of electricity generated by RDF combustion, consider-
ing the two scenarios of RDF production (DF and UF). Primary and sec-
ondary data are elaborated by using the LCA software SimaPro (PRè,
2019) and the inventory results are calculated in terms of rawmaterials
consumption, emissions to air, water and soil.
3.2.1. Primary data collection
The first step of the inventory analysis is the primary data collection
for the RDF production and the electricity generation. Primary data for
the reference year 2015 are taken from the EMAS Environmental Decla-
rations of the two selected plants (Herambiente, 2016, 2017; A2A
Ambiente, 2016, 2017) and from other sources (ISPRA, 2016, 2017;
ARPA Lombardia, 2015; ARPA Emilia Romagna, 2015). In detail, the
owners of the selected plants developed an environmental declaration,
according to the EMAS (eco-management and audit scheme) regulation
(EU, 2009). The environmental declaration is a publically available doc-
ument used by organizations to evaluate the performance of the
company's environment management system and to measure the
Table 3
Input flows to ER plant.
Inputs Quantity
Tap water (m3) 528
Process water (m3) 36,218
Sorbalite (95%a hydrated lime, 5%a activated carbon) (ton) 393
Dolomite (ton) 622
Sodium hydroxide 30% (ton) 37
Ammonia solution 25% (ton) 350
Electricity from the grid (MWh) 1,023
Natural gasa (supporting fuel) (MWh) 3,411.9
Diesela (supporting fuel) (MWh) 379.1
a Estimated percentage/value.
Table 5




NMVOC (as TOC) 79.92 ∗ 10−3
NOx 43.51
SO2 30.00 ∗ 10−3
Mercury and mercury compounds 2.00 ∗ 10−4
PCDDs + PCDFs 2.80 ∗ 10−9
PAHs 2.00 ∗ 10−6
HCI 0.22
HF 3.80 ∗ 10−3
Particles 0.41
a Considering that RDF is obtained from different waste typologies, authors hy-
pothesized a percentage of fossil CO2 equal to 50% of the total (IPCC, 2013).
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respect to established environmental targets. This declaration contains
detailed information about the organisation, the plant-related site, the
environmental aspects as materials and energy consumption, emis-
sions, waste production and treatment processes, valuable outputs.
The environmental declaration is used in this study to obtain informa-
tion on the plant operation processes and to collect primary data on
the inputs and outputs related to the production of RDF and electricity.
The above information and data are described in detail in Sections
3.2.1.1 and 3.2.1.2.3.2.1.1. The plant located in Ravenna. The examined plant (Herambiente,
2016, 2017), owned by Herambiente, is part of a group of installations
for the treatment of liquid, solid and slurry wastes. It is composed by a
DF plant for the RDF production (authorized to treat 180,000 tons of
wastes per year) and a plant for the energy recovery (ER).
3.2.1.1.1. The RDF-DF plant. The input flows for the RDF-DF plant are
non-hazardous wastes. In detail, in 2015 a total of 162,839 tons of
wastes are treated: 70.7% are non-differentiated urban wastes collected
in the Province of Ravenna and 29.3% are special wastes assimilated to
urban wastes (paper, plastic film, wood, packaging, etc.) coming from
productive activities. The yearly RDF production is 44,084 tons.
During the RDF production process wastes entering the plant are
stored, then they are shredded and screened for separating the wet
and the dry fraction. The latter is sent to the recovery of ferrous mate-
rials (deferrization), while the wet fraction partially goes to the
biostabilization process and partially to the composting. The
biostabilized material, coming from the biostabilization process, is
used to cover landfills. After a further shredding and deferrization, the
dry fraction is sent to a pneumogravimetric separation system, where
anupward current of air drags the light parts (RDF) upwards, separating
them from inerts and heavy parts (dry fraction). Pelletizers machines
increase the specific weight of RDF, allowing for an adequate perma-
nence in the combustion chamber. The RDF is then stored in a silo,
from which it is extracted to supply the ER plant.
The output flows from the RDF-DF plant are showed in Table 2. The
emission of particles from the pneumogravimetric separation system
(annual average b0.1 mg/m3) is neglected, considering that the average
concentration is lower than the limit prescribed by law (20 mg/m3).Table 4
Wastes of ER plant.
Waste typology Quantity (ton) Treatment
Slag and sand (non-hazardous) 337 Material recovery
Slag and sand (non-hazardous) 1,320 Disposal
Light ashes (hazardous) 4,774 Disposal
Pumpable sludge (hazardous) 25 Disposal
Flue gas wash water (hazardous) 2,528 Disposal
Storm water first rain (non-hazardous) 67 DisposalThe electricity consumption of the RDF-DF plant is 5,028 MWh, of
which about 88% coming from the ER plant, while the remaining 12%
is taken from the grid.
3.2.1.1.2. The ER plant. In 2015, the ER plant used 51,746 tons of
wastes as fuel (98.6% of RDF and the remaining 1.4% of special wastes1)
for the generation of 24,086 MWh of net electricity. Because of the
amount of RDF produced in 2015 is lower than that used in the ER
plant, authors assumed that the missing quantity was stored during
the previous years.
The input of energy and materials for the electricity generation are
summarized in Table 3, while Tables 4 and 5 show the outputs of the
plant, wastes and emissions, respectively.
3.2.1.2. The plant located in Bergamo. The examined system is located in
Bergamo (A2A Ambiente, 2016, 2017) and it is managed by A2A
Ambiente. The system includes a UF plant for the RDF production and
a cogenerative incinerator (CI) powered with RDF.
3.2.1.2.1. The RDF-UF plant. The plant, authorized to treat 72,000 tons
of wastes per year, receives urban solid wastes from the city of Bergamo
and other cities of the surrounding areas. In 2015, the plant treated
53,043 tons of wastes, of which 97.8% non-differentiated urban wastes
and 2.2% other urban wastes.
After control and weighting procedures, input wastes are sent to a
breaker - primary shredder for grinding. Then, the material is treated
with a biological drying process that produces a first RDF output
(RDF1) (30,469 tons in 2015) and a driedmaterial that is further refined
by a screening process for the production of a second typology of RDF
(RDF2) (3566 tons in 2015); the remaining dried material undergoes
an iron removal, a shredding and a pressing process (optional), to ob-
tain a RDF characterized by high quality (RDF3) (8,882 tons in 2015)
that is used as fuel in the CI plant.
During the drying process, about 20% of wastes weight is loss due to
the oxidation of part of the biodegradable material and to the evapora-
tion of water. The drying air is treated in a purification plant before
being released into the environment.
RDF1 and RDF2 are used for energy recovery in other plants man-
aged by A2A Ambiente.
Inputs (materials and energy) and outputs of the RDF-UF plant are
showed in Table 6. The emissions of particles (b0,055mg/Nm3) and am-
monia (b0,64mg/Nm3) are neglected: the average yearly concentration
is lower than the limit prescribed by law (10 mg/Nm3 for particles and
5 mg/Nm3 for ammonia).
3.2.1.2.2. The CI plant. The CI plant has a thermal power of 48MWand
it is powered with RDF produced by the RDF-UF and by external plants.1 According to the “zero burden” assumption, the impact of special wastes in input to
the plant is assumed to be negligible (Rigamonti et al., 2012).
Table 6
Input flows to RDF-UF plant.
Quantity
Input
Tap water (m3) (Used in the waste storage and purification process) 7,153
Mineral oil (ton) 1
Electricity from the grid (MWh) 2,142
Output
Wastewater to the purifier (m3) 2,370
Ferrous metals for material recovery (ton) 269
Table 8
Wastes of CI plant.
Waste typology Quantity Treatment
Heavy ashes and slag (non-hazardous) (ton) 1,313 Material recovery
Ferrous material (non-hazardous) (ton) 47 Material recovery
Other wastes (non-hazardous) (ton) 19 Disposal
Ashes (hazardous) (ton) 3,089 Disposal
Particles from fumes treatment (hazardous) (ton) 996 Material recovery
Table 7
Input flows to CI plant.
Quantity
Electricity from the grid (MWh) 8,000
Natural gas (as support fuel) (kSm3) 862
Tap water (m3) 5,973
Chloridric acid (solution 30%a) (ton) 11.1
Sodium hydroxide (solution 30%a) (ton) 16.5
Dolomite (ton) 968
Activated carbon (ton) 70
Sodium bicarbonate (ton) 834
Sand (ton) 362
Ammonia solution 25% (ton) 157
Lubricating oil (ton) 0.4
Alkalising, deoxygenating additives for the thermal cycle (ton) 0.4
Refrigerant greenhouse gases (R407C - R507C - R134a) (ton) 0.007
a Estimated percentage.
6 S. Longo et al. / Science of the Total Environment 738 (2020) 139719In 2015, it used 61,122 tons of RDF (14.5% produced by theRDF-UF plant
and 85.8% by other plants2) for generating 47,800 MWh of net electric-
ity and 108,593 MWh of thermal energy sent to a district heating plant.
The inputs and outputs (wastes and emissions) of the CI plant are illus-
trated in Tables 7 (inputs), 8 (wastes) and 9 (emissions).
3.2.2. Allocation procedures
As indicated in Section 3.1.3, the avoided impact method is applied
to manage the multifunctionalities of the examined processes, except
for the co-production of different RDF typologies in Scenario 2. In this
case, a mass allocation is applied.
Table 10 gives a detail of the primary materials and energy sources
that can be substituted by the sub and co-products generated from the
RDF and electricity production processes, when the avoided impact
method is applied.
Focusing on Scenario 1, at the end of the shredding and primary
screening of the RDF production, 0.822 kg of wastes/kg of RDF leave
the system and are used as compost. Because of this compost does not
substitute any primarymaterial, in this case a cut-off is applied. Further-
more, adopting a “burden free” assumption for it, the impacts due to the
shredding and primary screening processes are totally assigned to the
RDF produced by the plant.
Due to the lack of information on the recovery process and use of
slags and sands produced in the combustion process, a cut-off is applied
also in this case.
Similarly, a cut-off is applied in Scenario 2 for the recovery process of
slags and sands and for themanagement of hazardous wastes produced
by the fumes treatment in the CI plant. Furthermore, considering that
the RDF-UF plant in Bergamo produces three RDF typologies, in order
to allocate the inputs (water, mineral oil and electricity) and outputs
(wastewater) and the process losses (that occur during the biological
drying process) to the main product of the plant (RDF3), a mass alloca-
tion is performed. Focusing on the electricity consumption, based on the
different steps of the process, authors hypothesized that 25% of that is
used only for RDF3, while the remaining 75% is allocated to the three
co-products.
In detail, after the biological drying process, a flow of 30,469 tons of
RDF1 leaves the plant, and at the end of the screening process there are
two output flows: 3,566 tons of RDF2 (output) and 9,151 tons of mate-
rial that is further treated to obtain the RDF3. Thus, the allocation factor
(AF) for RDF3 is calculated as follows (Eq. (1)):
FA ¼ 9;151 tons= 30;469 tonsþ 3;566 tonsþ 9;151 tonsð Þ ¼ 0:212 ð1Þ
Starting from the allocation procedure, the inputs and outputs for
each scenario and for each plant are calculated, as showed in Figs. 1–4.
3.2.3. Secondary data
The database Ecoinvent 3.3 – Allocation, recycled content (Wernet
et al., 2016) is used for calculating the eco-profiles of materials and2 Authors hypothesized that the production of RDF in external plant has the same im-
pacts than that produced in the RDF-UF plant.energy sources, including electricity from the grid and from PV used
for the comparison.
The eco-profile of electricity from the grid refers to the electricity fed
and transport into the low voltage transmission network in Italy. It in-
cludes the steps of fuel supply, electricity transmission and losses, direct
emissions to air. The electricity mix is the following (IEA, 2017): 14.9%
of imported electricity, 24.6% of electricity from natural gas, 18.7%
from hydropower, 12.8% from hard coal, 10.9% from PV, 4.8% from
wind, 6.9% from other renewables (biogas, wood and geothermal),
6.4% from other non-renewables (waste, oil, lignite, coal gas and blast
furnace gas).
Focusing of the plant located in Bergamo, the eco-profiles of the re-
frigerants R407C and R507C are not available in the consulted environ-
mental databases (PRè, 2019). Thus, they are modelled as refrigerant
R134a. Furthermore, for the same reason, the eco-profile of sodium bi-
carbonate is modelled by using data for sodium percarbonate.
3.3. Life cycle impact assessment and interpretation: results and discussion
The inventory analysis consists in collecting primary and secondary
data, elaborating them and calculating the eco-profile of the functional
unit. In detail, the eco-profile is represented by a huge number of envi-
ronmental indicators representing the rawmaterials used (e.g. alumin-
ium, barite, gallium, magnesite, etc.), the emissions to air (e.g. butane,
carbon dioxide, ethane, nitrate, etc.), water (e.g. cadmium, phenol, sul-
phate, toluene, etc.) and soil (e.g. arsenic, boron, mercury, potassium,
etc.) during the whole life cycle of the examined functional unit.
Analysing the environmental performance of a product by examining
its eco-profile is a complex task due to the high number of indicators
that make it up. Thus, the above indicators are grouped into impact cat-




mi  CFi ð2Þ
where “I” is the selected impact category (e.g. CC), “mi” is the mass of
the i-substance taken from the eco-profile that contributes to theWastes from fumes treatment (hazardous) (ton) 3,264 Disposal
Other wastes (hazardous) (ton) 22 Disposal
Wastewater (m3) 5,973 Purifier
Table 9







a No data available. Authors assumed a CO2 emissions
value per kg of RDF equal to that of the plant in Ravenna.
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substance can be CO2, CH4, N2O, etc.), “CFi” is the characterization factor
for the i-substance and expresses the impact of this substance to the im-
pact category “I” with respect to a reference substance (e.g. for CC the
reference substance is CO2 and the CF for methane (fossil) is about 25
kgCO2eq/kg CH4). The CFs are taken from the impact assessed methods
described in Section 3.1.4.
Starting from the inventory results and following the procedure de-
scribed above, authors calculated the life cycle environmental impacts
of the selected function unit (1 kWh of electricity) and of 1 kg of RDF.
The results of the life cycle impact assessment for 1 kg of RDF and 1
kWh of electricity are discussed in the following sections.
3.3.1. Environmental impact of RDF production
Table 11 reports the results of the life cycle impact assessment for
the production of 1 kg of RDF in the two examined scenarios, including
the benefits due to the avoided impacts.
Comparing the RDF in the two Scenarios (1 and 2), best perfor-
mances are related to Scenario 2, except for PM, AC and RD. It is impor-
tant to point out that the above consideration is valid also if the avoided
impacts are excluded from the counting.
In detail, focusing on the results that include the avoided impacts:
• PM and RD are negative for both scenarios, with the first scenario
characterized by higher environmental gains;
• negative values (environmental gains) are obtained in Scenario 2 for
CC, HTNC, HTC, POF, FE andME, due to the avoided impacts of the fer-
rousmetals that offset the environmental burdens due to the produc-
tion process and to the waste treatments; positive values
(environmental impact) are obtained in Scenario 1 for the above im-
pact categories, where the avoided impacts of the sub and co-
products are lower than the process impacts;
• better performances for AC are observed in Scenario 1, while worst
performances are obtained for the remaining impact categories
(ODP and TE).
If the avoided impacts are not taken into account, going from Sce-
nario 1 to Scenario 2 the environmental impacts decrease significantly
for human toxicity (90–99%), water eutrophication (66–78%), climate
change (68%) and photochemical ozone formation (67%). A lower de-
crease (9–11%) occurs for ozone depletion and terrestrial eutrophica-
tion. Conversely, a relevant increase of the impact on particulateTable 10
Avoided impact method assumptions.






a The database Ecoinvent (Wernet et al., 2016), suggests using pig iron production process t
b Coal is the fuel usually used in co-combustion with RDF (e.g. in the cement plants) (Rigam
impacts of the coal combustion are taken into account in the combustion plant.
c The district heating of the city of Bergamo is powered by natural gas.matter (94.3%) is obtained aswell as a worsening of the impact on acid-
ification (35%) and resource depletion (17.5%).
A dominance analysis for Scenario 1 (Fig. 5) indicates that ferrous
metal recovered generates N83% of the environmental gains, with the
only exception of the avoided resource depletion due both to the ferrous
metal (53.3%) and the biostabilized material used as landfill covering
(45.5%). A negative contribution on PM comes also from the electricity
from RDF (6.3%). More than 61% of almost all the environmental im-
pacts of the process (this percentage is N97.5% for the impact on
human toxicity) are caused by electricity from RDF. Some exceptions
occur: the main responsible of resource depletion (78.3%) and particu-
late matter (72.6%) is the disposal of process waste, which also contrib-
utes to about 47% of ODP.
Focusing on Scenario 2, themajor contribution to the environmental
impacts generated by the system is the electricity from the grid (contri-
bution higher than 97%), that is partially offset by the benefit due to the
ferrousmetal recovery. A negligible impact is caused by the other inputs
(lower than 2.6%) and by the wastewater treatment (lower than 2.8%).
Identifying electricity as one of themain contributors to the impacts
allows for suggesting some strategies for reducing the burdens due to
RDF production. In detail, it is possible to act on two fronts: reducing en-
ergy consumption through the use of energy efficient machineries and
using “clean” energy sources (e.g. electricity from RDF characterized
by lower impacts or the installation of a PV plant). Obviously, the
above strategies require an economic investment; they can be put in
place in a medium-long term and after carefully evaluating their eco-
nomic feasibility and the availability of incentives.3.3.2. Environmental impact of electricity production
Table 12 shows the results of the LCA for 1 kWh of electricity in the
two Scenarios, and also includes the environmental impacts of 1 kWh of
electricity from the Italian grid (low voltage) and frommulti-Si PV (low
voltage) located in Italy.
Based on the modelling assumptions, electricity produced in the
plant of Bergamo with RDF from the UF system (Scenario 2) has better
performance than electricity from the plant in Ravenna obtained with
RDF from the DF system (Scenario 1). This result is mainly due to the
avoided impacts associated to the ferrous metal and heat in the co-
generation plant located in Bergamo. There are some exceptions: a pos-
itive PM in Scenario 2 versus a negative one for Scenario 1, a RD impact
in Scenario 2 higher than Scenario 1.
Comparing the eco-profile of electricity from RDF in Scenario 1 with
that of electricity from the Italian grid, the last performsworse for 5 out
of 11 impact categories (ODP, PM, AC, TE and RD). The above value is 7
when the comparison ismadewith Scenario 2 (the same impact catego-
ries than in Scenario 1 and POF andME). An important topic to be exam-
ined in detail is the impact on human toxicity. In this case, electricity
fromRDF is characterized by higher impacts,mainly due to the final dis-
posal of incineration wastes.
The electricity from PV has the highest impact on the category RD if
comparedwith the other scenarios, due to the high consumption of raw
materials during the production process of PV panels and cells. ThisUse Primary materials/energy sources
Coverage of landfill Sand and gravel
Material recovery Pig irona
Energy recovery Coalb
Material recovery Pig irona
District heating Heat from natural gasc
o assess the impacts/benefits due to the recycling of ferrous materials.
onti et al., 2012). Only the avoided impacts due to the coal production are considered; the
Fig. 1. Flowchart of the RDF-DF plant in Ravenna (data referred to 1 kg of RDF).
8 S. Longo et al. / Science of the Total Environment 738 (2020) 139719result points out that future strategies aimed at improving PVs eco-
profiles have to introduce an eco-design approach and circular models
in the PVs manufacturing processes.
Conversely, best performances are obtained for the other environ-
mental impact categories when electricity comes from PV, except for
PM for both Scenarios and ODP for Scenario 2.
The comparison of the electricity fromRDFand fromPV is influenced
by different parameters regarding the PV panels used (Muteri et al.,
2020), e.g. their efficiency, the materials used/recycled, the processes
involved in the manufacturing of the single cell/module (Parisi and
Basosi, 2015).
Although silicon-based panels are most used and mature today
(Aberle, 2006), their substitution with second or third generation
panels can involve a change (increase or decrease) in the values of
some environmental indexes. For example, Mohr et al. (2012)Fig. 2. Flowchart of the ER plant in Ravennacompared a a-Si/nc-Si (efficiency: 10%) PV system with a multi-Si PV
system (efficiency 14.4%) and obtained a lower energy payback time
for the first system, even if the calculated damage score resulted higher.
As showed by Tsang et al. (2016), organic photovoltaic (third genera-
tion) performed better (impacts from 32% to 97% lower) than multi-Si
except for the impact on metal depletion, which in 21% higher for or-
ganic PV. Conversely, impacts of perovskite devices can be higher than
mc-Si, a-Si, CdTe and CIS solar cells, as demonstrated by Celik et al.
(2016).
The results of the comparison can address the selection of the most
suitable source of electricity depending on the specific environmental
problem to be faced (both local and global). It is important to highlight
that the obtained RDF electricity eco-profile includes the avoided im-
pacts. If these avoided impacts are excluded, the above results and con-
siderations change in absolute value and in some cases reveal different(data referred to 1 kWh of electricity).
Fig. 3. Flowchart of the RDF-UF plant in Bergamo (data referred to 1 kg of RDF).
9S. Longo et al. / Science of the Total Environment 738 (2020) 139719environmental performance hierarchies, highlighting that the allocation
procedures can influence the analysis.
The comparison of electricity from RDF with or without avoided im-
pacts for the two scenarios shows that:
• for Scenario 1, RD increases of one order of magnitude and PM has a
positive value; the other impact categories have an increase variable
from 0.2% (human toxicity – cancer effect) to 30% (acidification);
• for Scenario 2, a positive result is obtained for ODP, three impact cat-
egories (CC, PM and POF) vary of one order of magnitude and the re-
maining impact categories show an increase from 0.6% (human
toxicity – cancer effect) to 70.2% (marine eutrophication).
Taking into account the electricity from the grid, no variations are
observed in the hierarchies for Scenario 1. For Scenario 2 there is awors-
ening of the impact categories POF and ME, whose values become
higher than those of the electricity from the grid. Electricity from PV
has the low impact values (also for PM and POF), even if its impact on
resource depletion remains higher.Fig. 4. Flowchart of the ER plant in BergamoA dominance analysis of Scenario 1 (Fig. 6) shows that the direct
process of RDF combustion has a null impact on the categories ODP,
HTNC, HTC, FE and RD: based on the available and declared data there
are no direct emissions contributing to these impacts. The emissions
generated during the RDF combustion (direct process) cause 1.31E-
05 kg PM2.5eq (19.6% of the positive impact) and are responsible of
N63% of the remaining categories. The incidence of direct emissions on
particulate matter highlights that efficient systems for the fumes treat-
ment could reduce the problem of particulate emissions, frequently
linked to the combustion of biomasses and wastes.
The materials in input to the process (dolomite, hydrated lime,
water, etc.) as well as the wastewater treatment have not dominant
values of impact, with a total incidence lower than 19%. This percentage
does not account the impact of ammonia for RD (19.7% of the total), and
PM (about 29% of positive impact). The energy sources used in the pro-
cess (including RDF) cause from 11.7% (POF) to 27% (TE) of the positive
impacts and are dominant contributors for ODP (70.4%). In particular,
about 34% of the positive value of these impacts is due to natural gas.
Thanks to the avoided burdens of RDF production, a negative(data referred to 1 kWh of electricity).
Table 11

















CC [kg CO2eq] 8.19E−02 1.37E−01 −7.71E−03 4.24E−02
ODP [kg
CFC-11eq]
2.36E−09 5.43E−09 2.25E−09 4.93E−09
HTNC [CTUh] 6.24E−08 7.39E−08 −2.79E−09 6.96E−09
HTC [CTUh] 1.89E−07 1.91E−07 −5.67E−10 1.48E−09
PM [kg PM2.5eq] −4.97E−05 1.05E−05 −3.18E−05 2.04E−05
POF [kg
NMVOCeq]
5.02E−05 3.15E−04 −1.34E−04 1.02E−04
AC [molc H+eq] 5.11E−05 3.48E−04 2.16E−04 4.69E−04
TE [molc Neq] 1.00E−03 1.64E−03 9.42E−04 1.46E−03
FE [kg Peq] 3.47E−05 5.84E−05 −6.31E−06 1.30E−05
ME [kg Neq] 6.92E−05 1.27E−04 −5.71E−06 4.25E−05
RD [kg Sbeq] −3.65E−07 2.23E−07 −4.14E−08 2.62E−07
Table 12
Environmental impacts of electricity from RDF and Italian electricity mix.
Impact
categories








CC [kg CO2eq] 1.24E+00 6.21E−01 4.10E−01 6.83E−02
ODP [kg
CFC-11eq]
2.20E−08 −3.40E−08 4.73E−08 7.06E−09
HTNC [CTUh] 7.20E−07 3.27E−07 9.85E−08 9.67E−08
HTC [CTUh] 1.91E−06 8.00E−07 1.86E−08 1.09E−08
PM [kg PM2.5eq] −3.81E−05 1.78E−05 2.09E−04 7.37E−05
POF [kg
NMVOCeq]
2.29E−03 4.03E−04 9.99E−04 2.76E−04
AC [molc H+eq] 2.11E−03 1.55E−03 4.55E−03 5.43E−04
TE [molc Neq] 1.17E−02 5.94E−03 1.40E−02 8.98E−04
FE [kg Peq] 5.58E−04 2.85E−04 1.42E−04 6.94E−05
ME [kg Neq] 9.77E−04 2.58E−04 4.06E−04 8.91E−05
RD [kg Sbeq] 1.24E−07 2.87E−06 8.71E−06 2.56E−05
10 S. Longo et al. / Science of the Total Environment 738 (2020) 139719contribution comes from this input for PM and RD. The treatment of in-
cineration waste in landfill causes 80–85% of the impact on human tox-
icity and freshwater eutrophication, and 56% of resource depletion.
Going to Scenario 2, by analysing the contribution of the different in-
volved processes andmaterials/energy sources (Fig. 7), it can be observed
that also in this case there are no direct emissions contributing to ODP,
HTNC, HTC, FE andRD. Looking at the remaining impact categories and fo-
cusing on the positive values, direct emissions are responsible of more
than 59% of CC, POF and ME, of about 5.3% of PM and 22.5% of AC.
By summing the contribution of input materials and wastewater
treatment (excluding PM and RD for sodium bicarbonate), values
lower than 16% are obtained. The contribution of sodium bicarbonate
on PM and RD is 23.8% and 75.5%, respectively.
Waste incineration disposal is the main contributor to the impacts
on human toxicity (N90%) and FE (82.7%), while the contribution of en-
ergy sources is lower than 20.5% except for OPD, PM, AC and TE (higher
than 44.6%). The relevant contribution of waste incineration disposal on
human toxicity highlights the importance of future researches aimed at
identifying innovative technologies for the final treatment andFig. 5. Production of 1 kg of RDF - Dostabilization of thesewastes as well as for their reduction during the in-
cineration process.
The avoided impacts due to the production of ferrousmetals and the
heat generation totally offset the high contribution due to the energy
consumption (electricity from the grid, natural gas and RDF) to ODP,
and also contribute to the reduction of the other examined impacts.
In detail, the environmental benefits due to heat generation repre-
sent N61% of the total avoided impacts for almost all the examined im-
pact categories, highlighting that recovering waste heat is paramount
for improving the environmental performances of the system. The
main benefit on avoided PM (about 63.5%) and FE (about 52.2%)
comes from RDF production. A contribution lower than 4.2% results
from ferrous metals.
4. Conclusions
The research aimed at assessing the life cycle environmental perfor-
mances of electricity generated by RDF, once obtained from wastes
treated in MBT plants.minance analysis for Scenario 1.
Fig. 6. Environmental impacts of 1 kWh of electricity from RDF (Scenario 1): dominance analysis.
11S. Longo et al. / Science of the Total Environment 738 (2020) 139719The results of the LCA study of RDF obtained from two different pro-
duction processes (DF vs. UF) and of electricity from RDF generated in
two different plants (Ravenna and Bergamo) are based on the quality
of used data and the assumptions made, in particular the inclusion of
the avoided impacts in the analysis. These results showed that it is not
possible to identify an option for RDF production or electricity genera-
tion from RDF characterized by best impact values for all the examined
impact categories. The selection of the most suitable RDF or electricity
production process has to be integrated with a detailed analysis of the
local scale, in order to evaluate additional local environmentalFig. 7. Environmental impacts of 1 kWh of electriciproblems, social acceptability, adaptability and resilience of the receiv-
ing ecosystemwithout inducing permanent and/or irreversible impacts.
Starting from the results of the dominance analyses, some consider-
ations helping for the improvement of the examined systems can be
made. Focusing on RDF production, most of the environmental impacts
are caused by the electricity consumption during the production pro-
cess. Therefore, the use of energy from renewable sources and the use
of machinery characterized by greater energy efficiency could reduce
the impacts from RDF. In addition, the valorisation of the ferrous metals
and the dry fractions (biostabilized material used as landfill cover andty from RDF (Scenario 2): dominance analysis.
12 S. Longo et al. / Science of the Total Environment 738 (2020) 139719dry fraction sent to energy recovery) in the RDF production generates
environmental gains for most of the examined impact categories, that
in some cases counterbalance the impacts.
By examining the electricity generation, it can be highlighted that
electricity from RDF is responsible of chimney direct emissions that
can significantly contribute to some impact categories. Thus, further im-
proving combustion processes and fumes treatment technologies that
allow for reducing these emissions can help to improve the environ-
mental performances of the examined systems. Also the cogeneration
process can cut most of the environmental impacts thanks to the
avoided burdens due to the thermal energy co-production. Further-
more, disposal of incineration wastes is a relevant contributor to
human toxicity and freshwater eutrophication, mainly due to the dan-
gerousness of wastes. This is a general problem related to the waste
combustion that could be addressed in the future innovation strategies
in the energy field.
Electricity from PV is preferable to electricity from RDF, being char-
acterized by best environmental performances for most of the assessed
impact categories. However, the future eco-oriented strategies of PV
supply chain will have to aim to the reduction of the impacts on re-
source consumption and particulate emissions.
Finally, comparing the electricity from RDF and from the grid, also in
this case it is not possible to make a “best” choice for all the impact cat-
egories: climate change, human toxicity and freshwater eutrophication
have worse performances for electricity from RDF for both scenarios.
Thus, based on a “product-based” approach, the above impacts can be
managed only favouring the use of electricity from the grid. However
if the environmental key-issue is, for example, resource depletion, elec-
tricity from RDF should be preferred.
By extending the view on a large scale analysis, an increasing share
of electricity from RDF into the grid could influence the environmental
performances of the national electricity mix and, in turn, the new elec-
tricity mix could have effects on the RDF production.
This case, which could occur if the electricity from RDF represents an
important rate of the total electricity produced at national level, and
that is not foreseen from the present energy policies, needs a dynamic
approach able to take into account the interrelations among the in-
volved systems and their changes in the time.CRediT authorship contribution statement
Sonia Longo: Conceptualization, Methodology, Validation, Formal
analysis, Investigation, Data curation, Writing - original draft, Writing
– review & editing, Visualization.Maurizio Cellura: Conceptualization,
Methodology, Validation, Formal analysis, Supervision. Pierpaolo
Girardi: Conceptualization,Writing - original draft, Supervision, Project
administration.Declaration of competing interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.
Acknowledgements
This work has been financed by the Research Fund for the Italian
Electrical System in compliance with the Decree of April 16, 2018.
References
A2A Ambiente, 2016. Environmental Declaration of the Incinerator Arean in Ber-
gamo (Dichiarazione Ambientale Area Termovalorizzatore Bergamo). (in Ital-
ian language). .A2A Ambiente, 2017. Environmental Declaration of the Incinerator Arean in Bergamo
(Dichiarazione Ambientale Area Termovalorizzatore Bergamo). (in Italian language).
.
Abeliotis, K., Kalogeropoulos, A., Lasaridi, K., 2012. Life Cycle Assessment of the MBT plant
in Ano Liossia, Athens, Greece. Waste Manag. 32, 213–219.
Aberle, A.G., 2006. Fabrication and characterization of crystalline silicon thin-film mate-
rials for solar cells. Thin Solid Films 511, 26–34.
Aracil, C., Haro, P., Fuentes-Cano, D., Gómez-Barea, A., 2018. Implementation of waste-to-
energy options in landfill-dominated countries: economic evaluation and GHG im-
pact. Waste Manag. 76, 443–456.
Arena, U., Ardolino, F., Di Gregorio, F., 2015. A life cycle assessment of environmental per-
formances of two combustion- and gasification-based waste-to-energy technologies.
Waste Manag. 41, 60–74.
ARPA Emilia Romagna, 2015. Waste Management in Emilia-Romagna (La gestione dei
rifiuti in Emilia-Romagna). (in Italian language). .
ARPA Lombardia, 2015. Main Typologies of Plants for the Waste Treatment – Lombardia
Region (Principali Tipologie Impianti di Trattamento Rifiuti - Regione Lombardia).
(in Italian language). .
Astrup, T.F., Tonini, D., Turconi, R., Boldrin, A., 2015. Life cycle assessment of thermal
waste-to-energy technologies: review and recommendations. Waste Manag. 37,
104–115.
Beccali, M., Cellura, M., Mistretta, M., 2001. Managing municipal solid waste. Int. J. Life
Cycle Assess. 6, 243–249.
Celik, I., Song, Z., Cimaroli, A.J., Yan, Y., Heben, M.J., Apul, D., 2016. Life Cycle Assessment
(LCA) of perovskite PV cells projected from lab to fab. Sol. Energy Mater. Sol. Cells
156, 157–169.
Chen, D., Zhai, X., Zhou, G., 2007. Life Cycle Assessment of RDF Production From Aged
MSW and its Utilization System, Proceedings of the International Conference on Sus-
tainable Solid Waste Management, 5–7 September 2007, Chennai, India.
pp. 406–414.
Cherubini, F., Bargigli, S., Ulgiati, S., 2009. Life cycle assessment (LCA) of waste manage-
ment strategies: landfilling, sorting plant and incineration. Energy 34, 2116–2123.
Consonni, S., Giugliano, M., Grosso, M., 2005. Alternative strategies for energy recovery
from municipal solid waste part B: emission and cost estimates. Waste Manag. 25,
137–148.
Corti, A., Lombardi, L., 2001. Life cycle assessment approach for refuse derived fuel (RDP)
systems for Tuscany. Transactions on Biomedicine and Health. vol. 5. © WIT Press .
www.witpress.com (ISSN 1743-3525).
De Feo, G., Malvano, C., 2009. The use of LCA in selecting the best MSWmanagement sys-
tem. Waste Manag. 29, 1901–1915.
ENEA, 2007. A New Chain for the Waste Valorization: The Use of Refuse Derived Fuel in
Naval Propulsion - Technical and Economic Evaluations (Una Nuova Filiera per la
Valorizzazione Dei Rifiuti: l’uso del Combustibile Derivato da Rifiuti Nella Propulsione
Navale - Valutazioni Tecniche Ed Economiche). (in Italian language). .
EPD International AB, 2020. Electricity, Steam and HotWater Generation and Distribution
Product Category Classification: Un Cpc 171, 173 2007:08 Version 4.0 Valid Until:
2024-03-16.
European Commission, 2011. Energy Roadmap 2050 Impact Assessment and Scenario
Analysis.
European Commission, 2017. The Role of Waste-to-energy in the Circular Economy.
European Commission - Joint Research Centre, 2011. International Reference Life Cycle
Data System (ILCD) Handbook-Recommendations for Life Cycle Impact Assessment
in the European Context, First Edition November 2011. EUR 24571 EN. Publications
Office of the European Union, Luxemburg.
European Commission and Joint Research Centre, 2012. Characterisation Factors of the
ILCD Recommended Life Cycle Impact Assessment Methods: Database and
Supporting Information.
European Union, 2009. Regulation (EC) no 1221/2009 of the European Parliament and of
the Council of 25 November 2009 on the voluntary participation by organisations in a
Community eco-management and audit scheme (EMAS), repealing Regulation (EC)
No 761/2001 and Commission Decisions 2001/681/EC and 2006/193/EC. Off. J. Eur.
Union L 342/1.
Evangelisti, S., Tagliaferri, C., Clift, R., Lettieri, P., Taylor, R., Chapman, C., 2015. Life cycle
assessment of conventional and two-stage advanced energy from-waste technologies
for municipal solid waste treatment. J. Clean. Prod. 100, 212–223.
Grzesik, K., Malinowski, M., 2016. Life cycle assessment of refuse-derived fuel production
from mixed municipal waste. Energ. Sources, Part A: Recover. Utilization Environ. Ef-
fects 38 (21), 3150–3157.
Herambiente, 2016. Environmental Declaration of the Plants Group in Ravenna
(Dichiarazione Ambientale del Complesso Impiantistico di Ravenna). (in Italian lan-
guage). .
Herambiente, 2017. Environmental Declaration of the Plants Group in Ravenna
(Dichiarazione Ambientale del Complesso Impiantistico di Ravenna). (in Italian lan-
guage). .
IEA – International Energy Agency, 2017. IEA World Energy Statistics and Balances. OECD
iLibrary https://doi.org/10.1787/enestats-data-en (eISSN: 1683-4240).
International Organization for Standardization, 2006a. ISO 14040 Environmental Manage-
ment - Life Cycle Assessment - Principles and Framework.
International Organization for Standardization, 2006b. ISO 14044 Life Cycle Assessment—
Requirements and Guidelines.
IPCC, 2013. Working Group I Contribution to the IPCC Fifth Assessment Report, Climate
Change 2013: The Physical Science Basis. vol. AR5, no. March 2013. Ipcc, p. 2014.
ISPRA, 2016. Report N. 251/2016 – UrbanWastes (Rapporto N. 251/2016 - Rifiuti Urbani).
(in Italian language). .
ISPRA, 2017. Report N. 272/2019 – UrbanWastes (Rapporto N. 272/2017 - Rifiuti Urbani).
(in Italian language). .
13S. Longo et al. / Science of the Total Environment 738 (2020) 139719Kabalina, N., Costa, M., Yang, W., Martin, A., 2017. Energy and economic assessment of a
polygeneration district heating and cooling system based on gasification of refuse de-
rived fuels. Energy 137, 696–705.
Liikanen, M., Havukainen, J., Viana, E., Horttanainen, M., 2018. Steps towards more envi-
ronmentally sustainable municipal solid waste management — a life cycle assess-
ment study of São Paulo, Brazil. J. Clean. Prod. 196, 150–162.
Lima, P.D.M., Colvero, D.A., Gomes, A.P., Wenzel, H., Schalch, V., Cimpan, C., 2018. Environ-
mental assessment of existing and alternative options for management of municipal
solid waste in Brazil. Waste Manag. 78, 857–870.
Mohr, N.J., Maijer, A., Huijbregts, M.A.J., Reijnders, L., 2012. Environmental life cycle as-
sessment of roof-integrated flexible amorphous silicon/nanocrystalline silicon solar
cell laminate. Prog. Photovoltaics 21, 802–815.
Montejo, C., Tonini, D., del Carmen Márquez, M., Fruergaard Astrup, T., 2013. Mechanical-
biological treatment: performance and potentials. An LCA of 8 MBT plants including
waste characterization. J. Environ. Manag. 128, 661–673.
Muteri, V., Cellura, M., Curto, D., Franzitta, V., Longo, S., Mistretta, M., Parisi, M.L., 2020. Re-
view on life cycle assessment of solar photovoltaic panels. Energies 13 (1), 252.
Panahandeh, A., Asadollahfardi, G., Mirmohammadi, M., 2017. Life cycle assessment of
clinker production using refuse-derived fuel: a case study using refuse-derived fuel
from Tehran municipal solid waste. Environ. Qual. Manag. 27 (1), 57–66.
Panepinto, D., Blengini, G.A., Genon, G., 2015. Economic and environmental comparison
between two scenarios of waste management: MBT vs thermal treatment. Resour.
Conserv. Recycl. 97, 16–23.
Parisi, M.L., Basosi, R., 2015. Environmental life cycle analysis of non conventional thin-
film photovoltaics: the case of dye-sensitized solar devices, energy security and de-
velopment. In: Reddy, B., Ulgiati, S. (Eds.), Energy Security and Development.
Springer, New Delhi, pp. 193–210.
PRè, 2019. Product Ecology Consultants, SimaPro Software.
Reza, B., Soltani, A., Ruparathna, R., Sadiq, R., Hewage, K., 2013. Environmental and eco-
nomic aspects of production and utilization of RDF as alternative fuel in cementplants: a case study of MetroVancouver, Waste Management. Resour. Conserv.
Recycl. 81, 105–114.
Rigamonti, L., Grosso, M., Sunseri, M.C., 2009. Influence of assumptions about selection
and recycling efficiencies on the LCA of integrated waste management systems. Int.
J. Life Cycle Assess. 14, 411–419.
Rigamonti, L., Grosso, M., Biganzoli, L., 2012. Environmental assessment of refuse-derived
fuel co-combustion in a coal-fired power plant. J. Ind. Ecol. 16 (5), 748–760.
Rigamonti, L., Falbo, A., Grosso, M., 2013. Improvement actions inwastemanagement sys-
tems at the provincial scale based on a life cycle assessment evaluation. Waste
Manag. 33, 2568–2578.
Ripa, M., Fiorentino, G., Giani, H., Clausen, A., Ulgiati, S., 2017. Refuse recovered bio-
mass fuel from municipal solid waste. A life cycle assessment. Appl. Energy 186,
211–225.
Rosenbaum, R.K., Bachmann, T.M., Gold, L.S., Huijbregts, A.J., Jolliet, O., Juraske, R., Koehler,
A., Larsen, H.F., MacLeod, M., Margni, M., McKone, T.E., Payet, J., Schuhmacher, M., Van
de Meent, D., Hauschild, M.Z., 2008. USEtoxTM, the UNEP-SETAC toxicity model: rec-
ommended characterisation factors for human toxicity and freshwater ecotoxicity in
life cycle impact assessment. Int. J. Life Cycle Assess. 13 (7), 532–546.
Shumal, M., Jahromi, A.R.T., Ferdowsi, A., Dehkordi, S.M.M.N., Moloudian, A., Dehnavi, A.,
2020. Comprehensive analysis of municipal solid waste rejected fractions as a source
of refused derived fuel in developing countries (case study of Isfahan- Iran): environ-
mental impact and sustainable development. Renew. Energy 146, 404–413.
Tsang, M.P., Sonnemann, G.W., Bassani, D.M., 2016. Life-cycle assessment of cradle-to-
grave opportunities and environmental impacts of organic photovoltaic solar panels
compared to conventional technologies. Sol. Energy Mater. Sol. Cells 156, 37–48.
Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., Weidema, B., 2016. The
ecoinvent database version 3 (part I): overview andmethodology. Int. J. Life Cycle As-
sess. 21 (9), 1218–1230.
Yi, S., Jang, Y.C., 2018. Life cycle assessment of solid refuse fuel production from MSW in
Korea. J. Mater. Cycles Waste Manag. 20, 19–42.
